Silkworm's silk is natural biopolymer with unique properties including mechanical robustness, all aqueous base processing and ease in fabrication into different multifunctional templates. Additionally, the nonmulberry silks have cell adhesion promoting tri-peptide (RGD) sequences, which make it an immensely potential platform for regenerative medicine. The compatibility of nonmulberry silk with human blood is still elusive; thereby, restricts its further application as implants. The present study, therefore, evaluate the haematocompatibility of silk biomaterials in terms of platelet interaction after exposure to nonmulberry silk of Antheraea mylitta using thromboelastometry (ROTEMH). The mulberry silk of Bombyx mori and clinically used Uni-GraftH W biomaterial serve as references. Shortened clotting time, clot formation times as well as enhanced clot strength indicate the platelet mediated activation of blood coagulation cascade by tested biomaterials; which is comparable to controls.
T he fundamental of regenerative therapeutics exploits the self-healing ability of body by delivering cells, bioactive molecules/cues and providing mechanical or structural supports (if required) 1 . Biomaterials play significant role in regenerative therapy by acting as delivery vehicles, as cell scaffolding materials or implantable devices. The natural origin, wide range of cyto-compatibility, biodegradability, mechanical robustness and water based ease in processing into diverse morphologies including films, scaffolds, gels, micro and nano-particles encompass the application of silk protein fibroin in tissue engineering, biosensors and conformal devices 2, 3 . The state of art of functional biomaterial designing requires compatibility with blood within the context of use as implantable medical device. Currently, there is no definite consensus about the haemocompatibility of silk biomaterials. Few studies are performed with mulberry silk solutions 4 , blended scaffolds 5 and films 6 . All these studies assessed only one or few parameters of the blood coagulation cascade such as activated partial thromboplastin time 7 , prothrombin time 8 and activation of platelets 9, 10 or formation of microparticle 11 due to bloodbiomaterial interaction; without evaluating the whole blood. These approaches thus may end up with false negative or positive results (the limitations of the commonly employed techniques are summarized in detail in Supplementary Table 1 ). The recent attempt of using whole blood to investigate the haemocompatibility of silk biomaterials of mulberry silkworm Bombyx mori, evaluate the haemostasis based on platelet decay, formation of the thrombin-antithrombin complex and granulocyte-platelet conjugates in a 2D platform 12 . This study also corelates the crystalinity of silk biomaterials with haemocompatibility. However, for regenerative purpose, a 3D platform is favourable as it closely mimics the physiological condition. Blood-biomaterial interface plays key regulatory role, therefore, a more comprehensive real time understanding of 3D silk biomaterial mediated whole blood clotting process is needed for the fabrication of nonmulberry silk based vascular grafts.
Viscoelastic tests (VETs) such as thromboelastometry (ROTEMH) or thrombelastography (TEGH) are conducted as a point-of-care technique in clinical diagnostics 13, 14 as well as for in vivo and in vitro experimental research [15] [16] [17] [18] . The employment of ROTEM/TEG provides the real-time kinetics of clotting initiation, clot formation, clot strength and clot breakdown, thus delivering a more complete picture of haemostasis. The test process is rapid, more functional assessment and considered to be superior over laboratory quantitative assessments. Furthermore, VETs are performed in whole blood including all cellular components that are usually removed by the centrifugation process when using plasma only. Therefore, VETs more closely recapitulate the in vivo coagulation system. TEG is already in use to evaluate the thrombogenicity (i.e. the ability of a material to induce the formation of clot or thrombus when coming in contact with blood) of insoluble biomaterials 19 . In line with these TEG experiments and for the purpose of the present study, the use of the NATEM-assay of ROTEM 15, 18 , which is a re-calcified, non-activated test of citrated blood, is chosen to investigate the haemocompatibility of nonmulberry silk biomaterials. The practice of non-activated test is more rational and more appropriate, in contrast to other activated ROTEM assays such as the EXTEM assay (that extrinsically activates the coagulation) and the INTEM assay (using intrinsic activation), which start coagulation already within 1-3 minutes, NATEM takes longer and is very sensitive to slow acting activators (biomaterials).
The aim of the current report is to evaluate the thrombogenicity of nonmulberry (Antheraea mylitta) silk protein fibroin 3D biomaterials along with silk fibroin scaffolds of mulberry (Bombyx. mori) and a clinical implant (Uni-GraftH W) as reference material using human whole blood, platelet-poor and platelet-rich plasma samples (the experimental outline is summarized in Supplementary Figure 1) . Furthermore, to our best knowledge this is the first ever report of employment of thromboelastometry (ROTEM) for the in vitro haemocompatibility characterization of biomaterials. Additionally, the effect of agents that inhibit platelet function or aggregation is also observed in whole blood incubated with silk fibroin biomaterials in the same setting in order to provide a direction to manage the postimplant complication.
Results
Silk fibroin 3D scaffolds. The fabrication of silk fibroin scaffolds was started with aqueous silk fibroin solution of light milky white in colour in case of B. mori (Bm) and transparent in case of A. mylitta (Am). During freezing, the water molecules of aqueous solution formed ice-crystals, which left void spaces after vacuum drying. The 3D porous constructs were then stabilized by the induction of b-sheet formation using ethanol. Each construct was opaque, cylindrical in shape with a diameter of 15 mm, thickness of 2 mm and weighed 9 mg (Figure 1 ). The pores of the silk scaffolds were heterogeneous in nature with average pore sizes of 113 6 21 mm and 87 6 8 mm for A. mylitta and B. mori scaffolds respectively (measured by Image J software [NIH version 1.46 ] from Supplementary Figure 2 ).
Blood collection. The volunteers (4 males and 2 females) donated blood for the study, were 30 6 6 years old (range .
Whole blood thromboelastometry. Gathered stability data of the used experimental setting, i.e. Bm and Am versus control (Ctrl) at 0, 60, and 120 min, tested in multiple NATEM series in whole blood samples from two volunteers, showed that both silk fibroin scaffolds, Bm as well as Am, exerted significant procoagulatory impact after 60 and 120 min. This was observed in all four investigated ROTEM parameters and indicated by shortened CT (clotting time) and CFT (clot formation time); higher MCF (maximum clot firmness) and alpha angle value (Figure 2) . Interestingly, between the volunteers, there was a significant difference in the onset of the procoagulatory influence of Bm. In volunteer 1, compared to Ctrl, Bm did not reinforce blood coagulation after 60 min, but after 120 min only.
After obtaining the stability data, a new experimental series with Ctrl blood and blood samples incubated with Bm, Am as well as the vascular graft for reference was now performed in a larger group of blood samples from 5 different volunteers and with 4 measurements per group (Figure 3 ). All ROTEM parameters showed a procoagulatory pattern (* p , 0.05) for all biomaterials (including the reference vascular graft). Furthermore, Bm and Am did reinforce blood coagulation as compared to the reference graft. Moreover, CT showed a faster onset in blood samples incubated with Bm as compared to Am (* p , 0.05, Figure 3 ). CFT, alpha angle and MCF did not differ between the two silk fibroin scaffolds.
Plasma experiments with/without platelets. To exclude a possible influence of other blood cell components (i.e. red and white blood cells) another set of experiments was carried out in platelet-rich plasma (PRP). Measurements (n 5 8 per group) of native PRP (Ctrl) and PRP samples from one volunteer incubated with Bm, Am as well as the vascular graft for reference was now performed and showed a very similar pattern to whole blood. Reinforcement of ROTEM parameters was shown in Figure 4 . When compared to control, the CT values were significantly reduced by 60% in Bm, 40% in Am and 20% in reference material ( Figure 4 ) (* p , 0.05). Furthermore, the CFT (and respective alpha angle values) corroborated with CT findings, but were not significantly different between Bm and Am. Interestingly, in PRP the incubation with biomaterials did not affect MCF and was also independent of scaffold types.
To prove that all previously seen procoagulatory effects of the biomaterials tested can be mainly attributed to platelets and was not reinforced by the native plasmatic coagulation components, we performed further measurements (n 5 4) in platelet-free plasma (PFP) and PRP of one volunteer for control ( Figure 5 ). The results clearly demonstrated that in contrast to PRP, clotting time in PFP was extensively prolonged and not influenced by the silk-fibroin scaffolds. It clearly indicated that the influence of experimental biomaterials on CT values was primarily a platelet-mediated effect.
Platelet quantity, morphology and state of activation were revealed in scanning electron micrographs ( Figure 6 ). Scaffolds treated with platelet-poor plasma served as control. All the scaffolds exhibited porous surfaces. Scaffolds incubated with PRP exhibited platelets of dendritic shape with pseudopodia along with the completely stretched platelets throughout the surface irrespective of the scaffold types. A few round non-activated platelets were observed on Am and reference material. Large aggregates of platelets prohibited the accurate individual count; therefore, the quantification of morphological changes was impossible 20 .
Response of anti-platelet therapeutics on whole blood coagulation. Since the key question of the present investigation was to evaluate the haemocompatibility of silk biomaterials, the influence of the clinically and experimentally used anti-platelet agents on whole blood, incubated with silk biomaterials, was also investigated. There was no significant inhibiting effect of aspirin, abciximab or cytochalasin D (Figure 7 ) on the procoagulatory behaviour (represented by clotting time) of blood incubated with silk biomaterials.
Discussion
In general, it is believed that contact activation of factor XII is the predominant activator of the intinsic coagulation cascade, when a biomaterial comes in contact with blood 21 . The major limitations of in vitro investigations are the absence of natural stimulus of complex haemostasis pathways and the cross-talk between primary and secondary haemostasis. Additionally, regular laboratory investigations employ plasma, which lack all blood cells and platelets. It is known that even erythrocytes may elicit coagulation via factor IX 22 . Therefore, the current study involves the whole human blood to address the fundamentals of coagulation activation by silk protein fibroin biomaterials.
Processing parameters such as treatment temperature, solvents significantly influence the haemocompatibility of Bombyx mori silk fibroin films 12 . Freeze-drying method is thus used to fabricate 3D silk fibroin architectures for the present study. In freeze-drying method, the ice crystals act as porogens and circumvent the use of any inorganic chaotropic salts, which are marked unsafe in general practice 23 . Besides processing, the size and geometry of implants are also critical to evoke foreign body responses 24 . Therefore, it becomes necessary to assess the haemocompatibility of 3D silk fibroin scaffolds, since they are widely exploited as scaffolding materials for various tissues including bone, cartilage, nerve, cardiomyocyte and tendons 3 . For fabrication of the vascular graft, the mechanical strength of the test biomaterial is also very important. The burst strength of the saphenous vein is 1,800 mm Ha 25 , which is considered as the gold standard. The cylindrical silk scaffolds (10 mm diameter and 10 mm length) exhibit the mechanical strength of 136.26 6 41.09 kPa and 50 kPa for A. mylitta 26 and B. mori 27 respectively. The reference biomaterial, Unigraft W is a well-established prosthetic graft 28 . It is woven polyster vascular prosthesis, which is impregnated with gelatin to improve its biocompatibility 29 . In contrast to Unigraft W, silk as a biocompatible material has thousand years of history (early Egyptians used silk linen as suture) 30 . Silk solution is also used as biocompatible coating materials 31 . The natural presence of integrin binding RGD sequences (tri-peptide sequence of Arg-Gly-Asp) in nonmulberry A. mylitta silk fibroin improves the proliferation of cells. The silk materials are natural in origin and available throughout the world; therefore, are relatively inexpensive. The processing of silk fibroins from their sources (cocoons or glands) is relatively easy and the resultant silk solution can readily be moulded into diverse morphologies 3, 32 , which do not require any sophisticated instrument as compared to high tech-weaving technology employed in Unigraft fabrication. The amount of protein obtained from single gland or cocoon source is reasonably good to obtain enough amounts of 3D scaffolds used in present study. Hence silk fibroin has promising future as natural biomaterial in designing the artificial implants and other innovative devices 33 . Viscoelastic tests (VETs), such as ROTEM or TEG are well established in clinical practice especially for trauma and the perioperative setting 13, 14 . VETs are also increasingly used for experimental research 15, 16, 18 , but its implication in assessing the thrombogenicity of biomaterials is at its neo-natal stage 19 However, the use of VETs in biomaterial science is gaining rapid popularity due to real-time comprehensive overview of clotting kinetics, minimal artefacts in coagulation activation, ease in sample preparation and relatively small sample volume 19 . The small sample volume (300 ml) for one measurement allows using the blood of a single donor for a wide range of biomaterials, consequently eliminating the variation in blood sample from different donors and providing more reliable information of haemocompatibility of the biomaterials.
CT is proposed to be the most robust parameter in assessing the haemocompatibility or thrombogenicity of biomaterials via TEG 19 and this is supportive to our present findings. However, we also found CFT, alpha angle and MCF are stable enough to significantly change with activation of coagulation cascade by biomaterials. When working with platelet inhibiting agents, CT might be the only parameter left for appropriate diagnosis, because remaining CFT, alpha angle and MCF may eventually depend on functional fibrinogen polymerisation only.
When comparing the altered ROTEM parameters between samples incubated with different scaffold materials, Bombyx mori (Bm) and Antheraea mylitta (Am) exert less haemocompatibility compare to the reference graft material, that itself also showed significant thrombogenicity as compared to native control (Figure 3 ). Platelet glycoprotein (GP) IIb/IIIa receptors have affinity for integrin binding sequences such as RGD (Arg-Gly-Asp) 34 . The presence of RGD sequence in nonmulberry silk fibroin of Am 19 may interact with platelet membrane GP and imparts the difference in thrombogenicity than corresponding Bm biomaterials. MCF values of biomaterials may also corroborate with activated FXIII-platelet dependent thrombosis 35, 36 . Additionally, the absence of any statistically significant difference of CT values between control and experimental groups in platelet-free plasma confirms the platelet-biomaterial interaction and platelet-mediated activation of coagulation cascade. Translating the observation of scanning electron microscopy, the completely spread pseudopodia and irregularly shaped platelets are indicative of platelet activation 37 . The morphological forms corresponding to activation degree of platelets are sequenced as round or discoid, early dendritic, spread dendritic, spread and fully spread 38 . All these forms are visible on the surface of biomaterials (Figure 6 ).
For future use of these biomaterials as implants, knowledge of suggestive immune-suppressors or anti-platelet therapeutics is the most coherent requirement of the current bio-medical practice. Antiplatelet agents, namely aspirin, abciximab and cytochalasin D are commonly applied to prevent the adverse events associated with platelet aggregation or for the laboratory use only (cytochalasin D). Aspirin interacts with intracellular signalling pathway and irreversibly inhibits the production of platelet cyclooxygenase, the key enzyme of synthesis of pro-aggregatory metabolites such as arachidonic acid, thromboxane A 2 34 . Abciximab is a platelet glycoprotein (GP) IIb/IIIa receptor antagonist and cytochalasin D prevents the cytoskeleton reorganization in response to activation. Insignificant inhibition of the enhanced procoagulatory pattern of the tested biomaterial by aspirin, abciximab or cytochalasin D in the present study indicates that this pattern is not related to the mechanism inhibited by the commonly used agents. This may be due to the formation of microvesicles or exosomes by the activated platelets 38 . The exact physiological role of platelet-microvesicles, which are generated during wound bleeding or in certain clinical situation, is still elusive 39 . However, both procoagulant 40 and anticoagulant 41 activity of these vesicle is established. Additionally, these vesicle possess integrin binding sequences on their surfaces, which provides the answer to the relative difference of platelet activation by two different types of silk biomaterials in the present study.
The coating of the surface of silk biomaterials with anticoagulant agents may be one of the approaches to bypass/reduce platelet activation. Heparin, which is the most commonly used anticoagulant, prevents the thrombus formation or activation by interacting with antithrombin III 42 and is commonly used anticoagulant coating. Further, the co-existence of heparin with antithrombin (covalent bonding) 43 or chitosan (blending) 44 result improved anti-coagulatory performance of biomaterials. Other attempts include the coating of methacryloylphosphorycholine laurylmethacrylate copolymer 45 , multi-layer of collagen and sulphated chitosan 46 , surface immobilization of phosphatidyl choline 47 and ionical deposition of thermoplastic polyurethane on material surface 48 . The sulfonation of silk fibroin also improves its anticoagulant activity 49 .
Methods
Materials. After giving informed consent, six healthy adult human volunteers were included in the present study. It was ensured that the volunteers did not have any history of venous thromboembolism and did not use anti-inflammatory, anticoagulatory, anti-platelet or oral anti-conceptive medications. For every measurement series lasting 2 hours, blood was collected freshly and used immediately for the experimentation.
Mulberry silk cocoons of Bombyx mori (Bm) bivolatine silk cocoons were obtained from Bangalore, Karnataka State, India. The mature fifth instar silk larvae of Indigenous nonmulberry tropical tasar Antheraea mylitta (Am) were collected from local Tasar Sericulture Farm, West Midnapur of West Bengal State, India.
The commercially available Uni-GraftH W (B. Braun Melsungen AG, Berlin, Germany) single velour vascular prosthesis, which is clinically approved for the reconstructive cardiac and thoracic surgery, were used as reference material for the present study along with Bm silk scaffolds. This polyester prosthesis is impregnated with absorbable modified bovine gelatine to improve bio-absorbability and biocompatibility.
Preparation of silk protein fibroin solutions. Aqueous silk fibroin solution of B. mori and A. mylitta were obtained as described elsewhere 50 . Briefly, silk fibroin of B. mori was extracted from cocoons. The cut pieces of the cocoons were boiled in 0.02 M Na 2 CO 3 solution for 1 h to remove sericin. The degummed fibroin fibres were then rinsed thoroughly with distilled water and dissolved at 60uC in aqueous 9.3 M LiBr solution; followed by dialysis (MWCO 12000) against de-ionized water for 72 hrs. The silk fibroin of A. mylitta was collected from silk glands by dissecting the mature fifth instar larvae. Concisely, gland fibroin protein was squeezed into distilled water and dissolved in 1% (wt%) aqueous SDS solution containing 5 mM EDTA and 10 mM Tris (pH 8.0). The silk solution was then dialyzed (MWCO 12000) against deionized water for 8 hrs. The final concentrations of both the silk fibroin solutions were adjusted to 2 wt% by using de-ionized water.
Fabrication of 3D silk fibroin scaffolds. The aqueous 2 wt% silk fibroin solutions were poured into moulds, frozen at 220uC for overnight and lyophilized for 36 h to yield porous 3D silk fibroin scaffolds 50 . The lyophilized scaffolds were briefly treated with absolute ethanol to induce crystallization and water insolubility in 3D porous network. The scaffolds were then rinsed thrice with 0.9% NaCl solution before incubation with whole blood.
Blood collection and ROTEM analysis. ROTEM analysis of human volunteer blood and plasma samples ex vivo was approved by the local ethics committee (Ethikkommission für die Krankenanstalten der AUVA, Vienna, Austria), the methods were carried out in accordance with approved guidelines of the laboratory of the Ludwig Boltzmann Institute for Experimental and Clinical Traumatology, Vienna, Austria. After obtaining informed consent from all blood donors for this study, blood and plasma samples from six healthy adult human volunteers were included in the present study. It was ensured that the volunteers did not have any history of venous thromboembolism and did not use anti-inflammatory, anticoagulatory, anti-platelet or oral anti-conceptive medications. For every measurement series lasting 2 hours, blood was collected freshly and used immediately for the experimentation. Blood was drawn from the cubital vein through a 21-gauge needle using minimal stasis. The initial 2 mL of blood was discarded to avoid contamination of tissue thromboplastin due to needle puncture. Blood was then collected in 3.5 ml tubes (Vacuette; Greiner Bio-One, Linz, Austria) containing 0.3 ml buffered 3.2% trisodium citrate. Several aliquots of the blood samples were created for further testing.
Haemoglobin To exclude a possible influence of other blood cells and to proof the impact of platelets only, we also conducted experiments in plasma with and without platelets. For this experiment, the collected blood was grouped into two categories: (1) one aliquot was used for platelet-rich plasma (PRP) and, (2) the second aliquot was used as platelet-free plasma (PFP). For PRP the blood aliquot was centrifuged at 115 g for 15 min. To obtain PFP, the blood was firstly centrifuged at 2200 g for 15 min, and then the clear supernatant (plasma) was centrifuged further at 2800 g for 15 mins followed by a frozen state at 280uC. The sample was then thawed at 37uC before experimentation and filtered through a 0.22 mm membrane to remove also traces of residual platelets, resulting in PFP 51 . Each scaffold was incubated with 2 mL of citrated blood/plasma for two hours at 37uC with a gentle end-to-end movement after every 10 min. Uni-GraftH W of equal weight of scaffold (8.75 6 0.5 mg) was also incubated with citrated blood as reference material in the same way.
For baseline, a non-activated ROTEM analysis (NATEM) was carried out for all the investigations immediately after the collection of blood at 37uC. In NATEM, the clotting cascade is activated by adding 20 mL of star-temH reagent (200 mmol/l calcium chloride solution) to 300 mL of citrated test blood with an automated and software guided pipette. The thromboelastometric changes were monitored in terms of clotting time (CT), clot formation time (CFT), alpha angle (a) and maximum clot firmness (MCF) at 30 min (5clot amplitude, A30) (the details of parameters included in ROTEMH study were summarized in Supplementary Table 2 ). ROTEM (TEM Innovation, Munich, Germany, and Fig. 1 ) uses a partially rotating pin that is vertically immersed into a pre-warmed cup containing the blood sample and can be performed simultaneously on four channels within the same device 13 Coagulation of the (usually citrated) blood sample is initiated by re-calcification and is detectable because the formation of a fibrin clot between the pin and the cup wall reduces the rotation range of the pin. The generated signal is converted into a curve that indicates the time of clotting initiation, speed of clotting formation, clot strength and clot lysis.
Blocking of platelet activity. For experiments that intended to block platelet activity, 2 mL samples of whole blood, immediately after collection, were treated either with 200 mg aspirin/acetylsalicylic acid (AspisolH, Bayer, Leverkusen, Germany), 60 mg abciximab (ReoProH, Centocor B.V., Leiden, Netherlands), or 7 mg cytochalasin D (Sigma Aldrich, Vienna, Austria) for 10 mins. These blood samples were then incubated with scaffolds under the same condition as described in section Blood collection and ROTEM analysis. Blood aliquots without any platelet antagonists were also incubated with respective scaffolds for each set and served as control.
Scanning electron microscopy analysis. After incubation in platelet rich plasma and platelet free plasma for 2 hrs, scaffold samples were washed gently with phosphate buffer saline (PBS, pH 7.4) and fixed with 3.8% (v/v) paraformaldehyde solution. The scaffolds were dehydrated through a series of alcohol gradation, dried chemically with hexamethyldisilazane and sputter-coated with palladium gold. The scanning electron micrographs were obtained using a scanning electron microscope (SEM, JEOL JSM-6510, Tokyo, Japan). The scaffolds incubated in PFP served as control for the study.
Statistical analysis. Data were represented as mean 6 standard deviation, a one-way repeated-measures analysis of variance (ANOVA) was used and a Newman-Keuls post-hoc correction for multiple comparisons was applied. When appropriate, the ROTEM parameters of samples incubated with the scaffolds were normalised to the respective controls in order to nullify the known variation in NATEM values 18 . Statistical analyses were carried out using GraphPad Prism 5 statistical software (GraphPad Software Inc., La Jolla, CA, USA). *P-values , 0.05 were considered significant.
